Abstract. Vascular endothelial growth factor (VEGF) plays an important role in many disease states, including ischemia, chronic and acute inflammation, and pathologies associated with angiogenesis such as tumors and wounds. A number of factors regulate VEGF promoter activity and VEGF expression such as four and a half LIM domains 1 (FHL1) and Smad4. FHL1 belongs to a family of LIM-only proteins that regulate gene transcription, cell proliferation, differentiation and apoptosis. Smad4 is a tumor suppressor gene, initially identified as deleted in pancreatic carcinoma locus 4 (DPC4). The aim of this study was to determine whether FHL1 and Smad4 inhibited VEGF signaling. HepG2 cells were transfected with the VEGF-Luc reporter, Smad4 and FHL1 or Smad4 and FHL1 siRNA. Results showed that the overexpression of FHL1 and Smad4 synergistically inhibited the promoter activity, mRNA expression and secretion of VEGF, whereas knockdown of endogenous Smad4 and FHL1 had opposite effects. Moreover, the reduction of endogenous Smad4 eliminated FHL1-mediated inhibition of the VEGF promoter activity. In conclusion, a cooperative regulation of VEGF signaling by FHL1 and Smad4 was evidenced, which may provide a novel regulation mechanism underlying cancer development and progression.
Introduction
Angiogenesis, the formation of new blood vessels sprouting from the pre-existing vasculature, is pivotal for the growth of solid tumors and also plays a critical role in invasion and metastasis. The role of vascular endothelial growth factor (VEGF) in the regulation of angiogenesis has been under investigation for over a decade (1) . The VEGF family includes VEGF-A, VEGF-B, VEGF-C, VEGF-D and placental growth factor (PlGF) in mammals (2, 3) , as well as two exogenous VEGF subtypes, VEGF-E (virus genome-encoded VEGF) and VEGF-F (snake venom-derived VEGF) (4, 5) . These VEGF molecules act through binding to several high-affinity transmembrane endothelial cell receptors, including Flt-1 (VEGFR1), KDR (VEGFR2) and Flt-4 (VEGFR3) with varying specificities. VEGF-A binds Flt-1 and KDR, while PlGF-1 and vammin (one of VEGF-Fs) selectively bind Flt-1 and KDR, respectively (2, 3, 6) . Binding of VEGF to these receptors leads to intracellular receptor phosphorylation which initiates various intracellular downstream receptor pathways, leading to endothelial cell proliferation and blood vessel formation. Tumors establish their microvasculature in part by secreting elevated amounts of VEGF. Increased levels of VEGF mRNA are found in hypoxic areas of many solid tumors (7, 8) . Tumor suppressors, p53 (9-12), p16 (13) and the von Hippel-Lindau gene (14, 15) have been shown to play a role in VEGF downregulation.
In several types of cancer including bladder (16) , renal cell (17), head and neck (18) , colorectal (19, 20) , cervical (21), ovarian (22) , lung (23) and breast cancer (24, 25) , increased VEGF expression, either in the circulation or in tumor tissue, has been found to be correlated with decreased disease-free and shorter relapse-free intervals.
Four and a half LIM domains 1 (FHL1) belongs to a family of LIM-only proteins, containing an N-terminal half LIM domain, followed by four complete LIM domains. FHL1 regulates gene transcription, cell proliferation, differentiation and apoptosis (26) . It has been reported that FHL1 inhibited VEGF promoter activity induced by HIF-1α overexpression (27, 28) and that Smad4/deleted in pancreatic carcinoma locus 4 (DPC4) restoration affected angiogenesis, decreasing VEGF expression (29) . In a previous study, we showed that FHL physically interacted with Smad4 as determined by co-immunoprecipitation (30) . Furthermore, FHL1-Smad4 interaction has been shown to affect TGF-β-responsive gene transcription (30) . Similarly, coexpression of FHL2 with Smad4 synergistically repressed estrogen reporter activity (31 The respective empty vector was used to adjust the total amount of DNA. Luciferase and β-galactosidase activities were determined as previously described (34) .
Quantitative real-time reverse transcription-polymerase chain reaction (qRT-PCR).
Total RNA was prepared using TRIzol reagent (Invitrogen) and reverse transcribed using SuperScript II Reverse Transcriptase (Invitrogen). Real-time PCR was carried out with VEGF-and GAPDH-specific primers. The sense primer for VEGF was 5'-TTCTGGGCT GTTCTCGCTTCG-3' and the antisense primer was 5'-CCC CTCTCCTCTTCCTTCTCT-3'. The sense primer for GAPDH was 5'-ACCACAGTCCATGCCATCAC-3' and the antisense primer was 5'-TCCACCACCCTGTTGCTG TA-3'. The fold change in VEGF expression was determined using the 2-ΔΔCt method, with GAPDH as an internal control.
Enzyme-linked immunosorbent assay (ELISA).
Cells were transiently transfected with expression vectors for FHL1 or Smad4, or siRNA vectors targeting FHL1 or Smad4. At 48 h post-transfection, media were harvested for VEGF secretion assay. Human VEGF-A protein concentrations were assessed by ELISA analysis according to the manufacturer's protocol (R&D Systems, Minneapolis, MN, USA). The values obtained were normalized to the total protein concentration in the total cell extracts prepared from each dish.
Statistical analysis. Statistical analysis was performed by using SPSS version 11.0 software. Statistical significance in the luciferase activity assays between two groups of data was determined using the unpaired t-test. Data were presented as the means ± SD. P<0.05 was considered to indicate a statistically significant difference.
Results

FHL1 and Smad4 synergistically inhibit VEGF promoter activity.
FHL1 has been shown to repress VEGF promoter activity in hepatocellular carcinoma cells (27, 28) . Similar to FHL1, Smad4 has also been demonstrated to inhibit VEGF expression in pancreatic carcinoma cells. To determine whether FHL1 and Smad4 have a synergistic effect on VEGF promoter activity, hepatocellular carcinoma HepG2 cells were cotransfected with the VEGF-Luc reporter, Smad4 and FHL1. As previously reported (27, 28) , FHL1 overexpression significantly reduced VEGF-Luc reporter activity in HepG2 cells. Similar to FHL1, Smad4 overexpression also inhibited the reporter activity. Notably, the coexpression of FHL1 with Smad4 synergistically inhibited the reporter activity due to the fact that coexpression of FHL1 with Smad4 achieved levels of inhibition greater than the sum of each individual gene expression (Fig. 1A) . Similar results were observed in HEK293T cells (Fig. 1B) .
Knockdown of FHL1 and Smad4 synergistically enhances VEGF promoter activity. To examine the role of endogenous FHL1 and Smad4 in the repression of VEGF promoter activity, HepG2 cells were transfected with FHL1 siRNA and Smad4 siRNA. As shown in Fig. 2B, FHL1 siRNA effectively inhibited the expression of FHL1 protein at 48 h following transfection, whereas control siRNA had no effect. Similar results were observed when Smad4 siRNA was used. As expected, reduction of FHL1 or Smad4 enhanced the VEGF-Luc reporter activity. Similar to the results that overexpression of FHL1 and Smad4 synergistically inhibited VEGF promoter activity, knockdown of endogenous FHL1 and Smad4 synergistically enhanced VEGF promoter activity ( Fig. 2A) .
Abrogation of FHL1 inhibition of VEGF promoter activity by reducing endogenous Smad4. To examine the role of endogenous Smad4 in FHL1 repression of VEGF promoter activity, HepG2 cells were transfected with FHL1 or Smad4 siRNA. As shown in Fig. 3B , Smad4 siRNA effectively inhibited the expression of Smad4 protein 48 h after transfection, whereas control siRNA had no effect. Reduction of Smad4 enhanced the VEGF-Luc reporter activity. Notably, reduction of Smad4 eliminated FHL1 inhibition of the reporter activity, suggesting that FHL1 represses VEGF promoter activity in a Smad4-dependent manner (Fig. 3A) .
FHL1 and Smad4 synergistically inhibit VEGF expression.
To determine the effect of FHL1 and Smad4 on VEGF expression, HepG2 cells were cotransfected with FHL1 and Smad4, or with FHL1 siRNA and Smad4 siRNA. Overexpression of FHL1 significantly reduced VEGF mRNA expression. As with FHL1, Smad4 overexpression also inhibited the mRNA expression. Notably, the coexpression of FHL1 with Smad4 synergistically inhibited the mRNA expression due to the fact that coexpression of FHL1 with Smad4 achieved levels of inhibition greater than the sum of each individual gene expression (Fig. 4A) . Similar results were observed in the VEGF protein expression (Fig. 4B) . As expected, the reduction of Smad4 or FHL1 enhanced VEGF expression at both mRNA (Fig. 4C ) and protein levels (Fig. 4D) . Of note, the reduction of FHL1 and Smad4 synergistically enhanced the mRNA and protein expression.
Discussion
In this study, we have demonstrated for the first time that FHL1 and Smad4 synergistically inhibit VEGF signaling, which has been validated by a number of in vitro experiments, including luciferase reporter, real-time reverse transcription-PCR and ELISA assays. FHL1 was reported to play important roles in skeletal and cardiac muscle growth. FHL1 is also involved in several types of human cancer, such as breast, liver, kidney, prostate, bladder and gastric cancer (32, 35) . Recently, FHL1 proteins have been shown to regulate the activity of transcription factors including Smad4 and HIF1 (27) . FHL1 has been reported to interact with HIF1α, and inhibit HIF1α-induced VEGF promoter activity and VEGF expression by blockade of HIF1α-HIF1β heterodimerization (28) and HIF-1α binding to the general co-activators p300/CBP (27) . Smad4, initially identified as a candidate tumor suppressor gene, is functionally inactivated at high frequency in pancreatic carcinomas and metastatic colon carcinoma (29, 36) . Smad4 belongs to the evolutionarily conserved family of Smad proteins that are crucial for transmitting transforming growth factor-β (TGF-β) superfamily signals from the cell surface to the nucleus. These proteins regulate proliferation, differentiation and cell death. Smad pathway impairment may contribute to carcinogenesis by the promotion of cell proliferation, and Smad4 inactivation in tumor patients has been closely associated with poor prognosis (37) . The in vitro and in vivo experiments showed that Smad4 decreased the expression of VEGF and increased the levels of the angiogenesis inhibitor thrombospondin-1, causing human pancreatic carcinoma cells to switch from potently angiogenic to antiangiogenic (29) . In a previous study, we showed that FHL1 physically and functionally interacts with Smad2, Smad3 and Smad4, and suppresses human hepatoma cell growth (30) . In this study, FHL1 and Smad4 were shown to synergistically inhibit VEGF promoter reporter activity and VEGF mRNA expression and secretion levels, suggesting that FHL1-Smad4 interaction contributes to VEGF signaling-related diseases. The reduction of Smad4 eliminated the FHL1 and Smad4-mediated synergistic inhibition of the VEGF-Luc reporter activity, indicating that the inhibition of FHL1 on VEGF promoter activity occurred in a Smad4-dependent manner. However, the mechanism by which FHL1 and Smad4 synergistically control VEGF promoter activity and expression has yet to be fully elucidated. Considering that VEGF promoter harbors several potential Smad-binding sequences (29) and that FHL1 interacts with Smad4 physically and functionally, it could be concluded that FHL1 acts as a co-repressor for Smad4 in the regulation of VEGF expression.
Besides recruiting co-factors, Smad regulate transcriptional responses through physical and functional interaction with different transcription factors. Papageorgis et al (36) reported that there was physical interaction between Smad4 and HIF1α, which are important transcriptional factors regulating VEGF expression, providing a molecular basis for the differential regulation of target genes. Furthermore, Sánchez-Elsner et al (38) identified that HIF1 and Smad-binding motifs were within fragment -1006/-954 of the human VEGF promoter. Based on these findings, it is suggested that Smad4, HIF1 and their co-repressor FHL1 may form a complex on the promoter of VEGF and function as transcriptional co-modulators in the regulation of VEGF promoter activity and expression, and that FHL1 and Smad4 may negatively regulate HIF1α-induced VEGF expression synergistically.
Therefore, in this study, the cooperative transcriptional regulation of VEGF signaling by FHL1 and Smad4 was demonstrated, which might provide a novel therapeutic intervention target for VEGF signaling-related diseases.
